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Abstract
We study bulk fermions in models with warped extra dimensions in the presence of a soft
wall. Fermions can acquire a position dependent bulk Dirac mass that shields them from the
deep infrared, allowing for a systematic expansion in which electroweak symmetry breaking effects
are treated perturbatively. Using this expansion, we analyze properties of bulk fermions in the
soft wall background. These properties include the realization of non-trivial boundary conditions
that simulate the ones commonly used in hard wall models, the analysis of the flavor structure of
the model and the implications of a heavy top. We implement a soft wall model of electroweak
symmetry breaking with custodial symmetry and fermions propagating in the bulk. We find a
lower bound on the masses of the first bosonic resonances, after including the effects of the top
sector on electroweak precision observables for the first time, of mKK & 1 − 3 TeV at the 95%
C.L., depending on the details of the Higgs, and discuss the implications of our results for LHC
phenomenology.
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I. INTRODUCTION
Models with warped extra dimensions [1] offer a rich new avenue towards our under-
standing of the stability of the electroweak (EW) scale against ultraviolet physics. The
AdS/CFT correspondence [2] applied to models compactified on a slice of AdS5 [3], resulted
in an AdS5/CFT dictionary relating the 5D models to their dual 4D strongly coupled field
theories. The intensive effort put into the study of models with warped extra dimensions has
resulted in a number of realistic models of natural electroweak symmetry breaking (EWSB)
based on them [4]. 1 Custodial symmetry [6] and a custodial protection of the Zbb¯ cou-
pling [7] have proven essential to get realistic models with light enough new particles to
make them accessible at the LHC. 2 Surprisingly, the immense majority of the models follow
the original in the choice of background, AdS5, and the way the conformal symmetry is
spontaneously broken, by suddenly ending the extra dimension in what is called the infrared
(IR) brane. This hard wall realization of the spontaneous breaking of the conformal invari-
ance corresponds, in the dual 4D picture to a breaking by an operator of infinite scaling
dimension. Instead, one could replace the IR brane with a soft wall so that the extra di-
mension expands to infinity but there is a departure from conformality in the IR either by a
modification of the metric or by the introduction of a dilaton. This corresponds in the dual
picture to conformal breaking by an operator of finite dimension.
Soft wall models were introduced in [9] to model the observed Regge trajectories in
hadronic resonances through five-dimensional duals (hard wall models in AdS5 give a mass
scaling m2n ∼ n2 instead of the observed m2n ∼ n). Very recently, soft wall realizations of
models of EWSB were presented in [10, 11]. The spectrum of new resonances is affected by
the soft wall, with behaviors that range from a (modified) discrete spectrum to a continuous
spectrum with or without a mass gap. This provides new realizations of hidden-valley like
models [12] and unparticle physics [13] (see [14, 15]). An analysis of the bosonic sector of
these models shows that the constraints on the masses of new particles from the S parameter
alone can be relaxed with respect to hard wall models and new bosonic resonances as light
as 1 TeV, or even lighter, are compatible with current limits on the S parameter [10, 11].
Earlier attempts [16] used a smooth deviation from AdS in the IR given by a power law,
1 See also [5] for Higgsless models based on the same idea.
2 Alternative constructions that do not use these custodial protections have been explored in [8].
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instead of the exponential form we will use, and considered the Higgs to be localized at a
fixed position in the bulk (on a non-gravitating brane). The result was that the bound on
the mass of the lightest Kaluza-Klein (KK) modes did not appreciably change with respect
to the case of a hard wall in the family of parameterizations used.
The fermionic sector, however, was not studied in detail in either of these works and
was not included in the analysis of the EW constraints. This is fine in general for the
lighter fermions, which can to a good approximation be considered as fields living in the UV
brane. The large mass of the top quark, however, does not allow us to neglect the fact that
third generation quarks have to propagate in the bulk. This results, in hard wall models,
in an important effect of the top sector in EW precision tests through their contribution
mainly to the T parameter and the Zbb¯ coupling at the loop level. The aim of this work
is to systematically study bulk fermions in soft wall models. This allows us to discuss the
impact of the top sector on EW observables and therefore obtain reliable bounds on the
mass of the new resonances. Also, although considering light fermions as bulk fields is
irrelevant regarding EW observables, it is not regarding the flavor structure of the model.
Out formalism provides the tools to analyze the flavor constraints in soft wall models.
The outline of the paper is as follows. In section II we consider bulk fermions in warped
extra dimensions with a soft wall. We develop tools that allow us to study the implications
of bulk fermions, from the light generations to the top quark, in EW precision tests and
flavor physics. In section III we use these tools to analyze the EW constraints in custodial
models with a soft wall, including for the first time the effect of the top sector in such models.
Section IV is devoted to a discussion of our results, including the distinctive collider implica-
tions of soft wall models, and to our conclusions. We have included in Appendices A and B
technical details on the background and the expansion of bosonic fields for completeness.
II. BULK FERMIONS IN THE SOFT WALL
A soft wall can be implemented in models with warped extra dimensions either through
the position dependent vacuum expectation value (vev) of a dilaton field or by a modification
of the metric in the IR. We choose the former approach and work in an AdS5 background,
ds2 = a(z)2(ηµνdx
µdxν − dz2), (1)
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with µ, ν = 0, . . . , 3 and a(z) = L0
z
. z ≥ L0 is the coordinate along the extra dimension and
L0 ≈ M−1Planck is the inverse AdS5 curvature scale. The end-point at z = L0 is commonly
denoted as the ultraviolet (UV) brane. The soft wall is generated by the z-dependent vev
of a dilaton field Φ(z). The matter action reads
Smatter =
∫
d5x
√
ge−ΦLmatter. (2)
The spectrum of bosonic fields is sensitive to the dilaton profile. In particular, depending
on its behavior at large z, it can lead to a discrete or continuous spectrum (with or without
a mass gap). In the case of a discrete spectrum, the inter-mode spacing also depends on the
dilaton profile. In this article we will focus on a quadratic dilaton profile
Φ(z) =
(
z
L1
)2
, (3)
which gives rise to a discrete spectrum with masses scaling as m2n ∼ n as opposed to the
usual m2n ∼ n2 found in hard wall models. Note that L1 here is not the position of any brane
but the scale at which the effect of the dilaton becomes sizable and the solution departs from
standard AdS. Still, L−11 determines the mass gap and if we want our soft wall model to
solve the hierarchy problem, we should have L−11 ∼ TeV. This background can be obtained
dynamically as a solution to Einstein equations in the presence of an extra bulk tachyonic
scalar, as was shown in [11]. The solution for bulk bosonic fields were analyzed in detail
in that reference and we just collect the relevant results in the appendices. Bulk fermions
were also discussed in [11] but they are somewhat problematic in soft wall models and not
many details could be investigated. The main result of this article is to develop the tools
needed to analyze in great generality the phenomenological implications of bulk fermions in
soft wall models.
A. The problem with fermions in the soft wall
Consider a five-dimensional fermion, Ψ(x, z), in our soft wall background. Its action reads
S =
∫
d5x
√
ge−Φ
[1
2
(
Ψ¯eNAΓ
AiDNΨL − iDN Ψ¯eNAΓAΨ
)−MΨ¯Ψ], (4)
where N,A = {µ, 5} run over five dimensions in the curved and the tangent spaces respec-
tively, eNA is the fu¨nfbein, DN is the gravitationally covariant derivative, Γ
A = {γµ,−iγ5}
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are the Dirac matrices in 5 dimensions and M is a bulk Dirac mass that is left unspecified
for the moment. After integration by parts 3 the action can be written as
S =
∫
d5x a4e−ΦΨ¯
[
i✓∂ +
(
∂5 + 2
a′
a
− 1
2
Φ′
)
γ5 − aM
]
Ψ =
∫
d5x ψ¯
[
i✓∂+∂5γ
5−aM]ψ, (5)
where in the second equation we have defined
ψ(x, z) ≡ a2(z)e−Φ(z)/2Ψ(x, z). (6)
The action written in terms of the field ψ shows the main problem. The dilaton and the
metric have disappeared from the action, except for the factor of the metric multiplying the
Dirac mass. This latter term is actually very important. In the absence of a bulk mass,
even in hard wall models, fermions would know nothing about the background and their
KK expansion would be in terms of trigonometric instead of Bessel functions. A constant
bulk Dirac mass allows the fermions to have a KK expansion more according to the AdS5
background and for a particular value M = 1/(2L0) they behave exactly the same as bulk
gauge bosons in the same background. Unfortunately this is not enough in soft wall models.
If we assume the standard choice of a constant bulk Dirac mass, then the corresponding
zero mode, when allowed by the boundary conditions, does not go to zero rapidly enough
at large z. Even when it is normalizable, it will invariably have strong coupling with some
gauge boson KK modes. The situation would not improve if we modeled the soft wall with
a modified metric instead of a dilaton. In that case, the modification of the metric goes in
the direction of making it go to zero faster than z−2 (for instance exponentially) at large
z. The effect of the bulk mass is then even less important and the zero mode is simply not
normalizable. The authors of [11] noted that, if the Higgs has a z-dependent profile that
grows towards the IR, as would be expected in a model that solves the hierarchy problem,
its Yukawa coupling to fermions induces a bulk mass term that shields the fermions from
the deep IR and can thus solve this problem. Unfortunately this solution is difficult to
implement in practice, since the Yukawa coupling gives a z-dependent mass that mixes two
different 5D fermions. Even neglecting inter-generational mixing, this z-dependent mixing
makes it impossible to get analytic solutions except in the very particular case of common
3 Integration by parts will result in boundary terms that have to be properly taken into account. We assume
that the required boundary terms exist to make our choice of boundary conditions compatible with the
variational principle.
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bulk Dirac mass for the two five-dimensional fermion fields coupled through the Higgs. This
idea has been further explored recently, for common bulk Dirac masses and different values
of the Higgs profile in [17].
B. Our solution
A full analysis of the implications of bulk fermions in EW and flavor physics requires,
however, to go beyond the particular case of common bulk Dirac masses. Recall that the
only link that bulk fermions have to the background they live in comes from the mass term.
A constant mass term gives information about the metric but it does not about the dilaton.
A natural assumption is therefore to consider that, besides the constant bulk Dirac mass,
bulk fermions acquire a z-dependent mass that comes from a direct coupling to the dilaton.
This mass provides the the missing link with the soft wall, shielding the fermions from the
deep IR without the need of the Yukawa coupling. In the most general case, this mass can
mix different generations, which would make the coupled first order equation impossible
to solve analytically. However, we can neglect inter-generational mixing in the bulk Dirac
masses and introduce it through Yukawa couplings. Provided we do not introduce too large
5D Yukawa couplings we can treat EWSB perturbatively in which case the inter-generational
mixing given by the Yukawa couplings does not represent any technical problem.
Our starting point is the action in Eq. (5) with a bulk Dirac mass given by
M(z) =
c0
L0
+
c1
L0
z2
L21
, (7)
where c0,1 are dimensionless constants expected to be order one. The equations of motion
derived from the fermionic action read
i✓∂ψL,R + (±∂5 − aM)ψR,L = 0, (8)
where L and R stand for the left-handed (LH) and right-handed (RH) components respec-
tively, γ5ψL,R = ∓ψL,R. A standard expansion in KK modes,
ψL,R(x, z) =
∑
n
fL,Rn (z)ψ
(n)
L,R(x), (9)
with i✓∂ψ
(n)
L,R(x) = mnψ
(n)
R,L(x) gives the equations for the fermionic profiles
(∂5 ± aM)fL,Rn = ±mnfR,Ln . (10)
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The orthonormality condition ∫ ∞
L0
fLn f
L
m =
∫ ∞
L0
fRn f
R
m = δnm, (11)
then gives the action as a sum over four-dimensional Dirac KK modes and possibly massless
zero modes,
S =
∫
d4x
∑
n
ψ¯(n)[i✓∂ −mn]ψ(n). (12)
The first order coupled equations for the fermionic profiles can be iterated to give two
decoupled second order differential equations[
∂25 ± (aM)′ − (aM)2 +m2n
]
fL,Rn (z) = 0. (13)
Inserting the expression of the metric and the mass, we get for the LH profile,[
∂25 −
c0(c0 + 1)
z2
+
c1
L21
(1− 2c0) +m2n −
c21z
2
L41
]
fLn = 0 , (14)
while the RH solution is identical to the LH one with the identification c0,1 → −c0,1. This
equation can be put in the form of Kummer’s equation
[
x∂2x + (b− x)∂x − a
]
g(x) = 0, (15)
by means of the following changes of variables
f(z) = e
− |c1|z
2
2L2
1 z−c0g(z), x =
|c1|z2
L21
, (16)
where
a =
1− 2c0
4
− c1(1− 2c0) + L
2
1m
2
n
4|c1| , b =
1
2
− c0. (17)
The normalizable solutions of the coupled linear equations can then be written as,
fLn (z) = Nnz
−c0e
− c1z
2
2L2
1 U
(
−L21m2n
4c1
, 1
2
− c0, c1z2L2
1
)
,
fRn (z) = Nn
mn
2
z1−c0e
− c1z
2
2L2
1 U
(
1− L21m2n
4c1
, 3
2
− c0, c1z2L2
1
)
,

⇒ for c1 > 0, (18)
fLn (z) = −Nnmn2 z1+c0e
c1z
2
2L2
1 U
(
1 +
L2
1
m2n
4c1
, 3
2
+ c0,− c1z2L2
1
)
,
fRn (z) = Nnz
c0e
c1z
2
2L2
1 U
(
L2
1
m2n
4c1
, 1
2
+ c0,− c1z2L2
1
)
,

⇒ for c1 < 0, (19)
where U(a, b, z) is the confluent hypergeometric function and the normalization constants
Nn are fixed by normalizing either the LH or the RH profile. The linear equations of motion
guarantee that once one of the two profiles is normalized, the other one also is.
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The masses and the possible presence of zero modes is determined by the boundary
conditions (bc). Model building in hard wall models makes use of four different combinations
of bc for fermions. [±,±] where a + (−) means that the RH (LH) chirality has Dirichlet
bc (it vanishes) at the corresponding brane. The first and second signs correspond to the
UV and IR branes respectively. More complicated bc are sometimes needed, but they can
be constructed in general from these basic building blocks, that we would like to be able to
realize in soft wall models. The bc at the UV brane can be imposed in exactly the same
fashion as in hard wall models. On the other hand, the IR bc in the soft wall are fixed to
the normalizability condition and we cannot impose further bc in the IR. As we will see,
however, the choice of the sign of c1 allows us to simulate, in the soft wall, the effect that
different IR bc have in hard wall models.
Let us start with the analysis of zero modes. If we set m0 = 0, the two first order
differential equations decouple and we can solve for them immediately,
fL,R0 = AL,Re
∓ R aM = AL,Rz∓c0e
∓ c1z
2
2L2
1 . (20)
If we choose [+] UV bc, then AR = 0 and similarly [−] implies AL = 0. Thus we can only
have at most one chiral zero mode. This chiral zero mode will be normalizable only if c1 > 0,
for a LH zero mode, or c1 < 0 for a RH mode. The corresponding normalized zero mode
reads,
fL,R0 =
[
L1∓2c00
2
E±c0+ 12
(
±c1L
2
0
L21
)]− 1
2
z∓c0e
∓ c1z
2
2L2
1 , (21)
where Eν(z) =
∫∞
1
dt e−zt/tν is the Exponential Integral E function. A LH zero mode exists
if c1 > 0 and the UV bc is [+], whereas a RH zero mode exists if c1 < 0 and the UV bc is
[−]. Thus, at least at the level of the zero mode content, we have the equivalence
[±,±]hard ⇔ [±, sign(c1)]soft. (22)
Once the right boundary conditions for the existence of a chiral zero mode are imposed, we
see that c1 controls the exponential die-off in the IR whereas c0 controls the localization of
the zero mode.
Let us now see that this identification also works at the quantitative level for themassive
modes. Using the small z limit of the confluent hypergeometric functions, Eqs. (13.5.6-
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c0 ≪ 12 c0 ≫ 12
[++]soft
L2
1
m2n
4|c1| ≈ n
L2
1
m2n
4|c1| ≈ n+ c0 − 12
[+−]soft L
2
1
m2n
4|c1| ≈ n−
1
2 − c0
L2
1
m2n
4|c1| ≈ n− 1
c0 ≪ −12 c0 ≫ −12
[−−]soft L
2
1
m2n
4|c1| ≈ n− 12 − c0
L2
1
m2n
4|c1| ≈ n
[−+]soft L
2
1
m2n
4|c1| ≈ n− 1
L2
1
m2n
4|c1| ≈ n+ c0 − 12
TABLE I: Approximate values of the fermion KK masses in the limit L0 ≪ L1 for different
boundary conditions. Note that in the soft wall, the second sign in the boundary condition gives
the sign of c1 and that n = 1, 2, . . .. The lightest modes (n = 1) for [+−] and [−+] boundary
conditions require subleading terms that have been neglected in this table, see text for details.
13.5.12) of [18],
U(a, b, z) ∼


Γ(b−1)
Γ(a)
z1−b, b > 1,
Γ(1−b)
Γ(1+a−b) , b < 1,
(23)
and assuming L0/L1 ≪ 1, we obtain the approximate expressions for the masses of the KK
modes for different values of the UV bc and signs of c1 as shown in Table I. In the case of
[+−] and [−+] boundary conditions subleading terms, which are particularly important for
the lightest mode, have been neglected in the table. Including those terms, we obtain the
following approximate expressions for the masses
m21 ≈
4|c1|
L21
|c1|c0− 12
Γ(c0 − 1/2)
(
L0
L1
)2c0−1
, for [+−], c0 > 1/2 + ǫ, (24)
and
m21 ≈
4c1
L21
c
−c0− 12
1
Γ(−c0 − 1/2)
(
L0
L1
)−2c0−1
, for [−+], c0 < −1/2− ǫ, (25)
with ǫ ≈ 0.1. These are ultralight modes for [+−], c0 > 1/2 and [−+], c0 < −1/2 similar
to the ones that appear in hard wall models with the corresponding twisted boundary
conditions [19]. The accuracy of these approximations can be checked in Fig. 1, where
we show the exact masses for the different boundary conditions. The asymptotic limits, the
scaling mn ∼
√
n and the presence of ultralight modes for twisted boundary conditions is
apparent from the figure.
The z-dependent Dirac mass shields the fermions from the deep IR. Of course, the heavier
a particular KK mode is, the less it is shielded from the IR. This can be seen in Fig. 2,
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FIG. 1: Masses of the first three massive modes in units of L−11 as a function of c0 for L0/L1 = 10
−15
and c1 = 1. The solid (dotted) lines correspond to [++] ([−+]) boundary conditions. Opposite
boundary conditions are have identical masses with the replacement c0,1 → −c0,1.
where we show the profiles of a LH zero mode and its first three massive KK modes for [++]
boundary conditions, with heavier modes propagating deeper in the IR. This has important
phenomenological consequences. It has been shown that fields propagating sufficiently deep
in the IR become eventually strongly coupled [9, 10]. This strong coupling does not affect
the Standard Model (SM) fields, as they do not propagate deep enough in the IR (not even
the top), but will signal the loss of perturbativity for heavy enough KK modes. In fact, we
will see in the next section that, due to this effect, the contribution of fermionic KK modes
to some EW observables decouples more slowly than one might naively expect.
The KK expansion of bulk fermions with a bulk Dirac mass of the form in Eq. (7) makes
perfect sense independently of the Yukawa couplings to the bulk Higgs. Our goal in the
rest of this article is to use this expansion to analyze the phenomenological implications
of bulk fermions in soft wall models. We will do that by treating EWSB perturbatively,
an approximation that will be carefully checked. This approach has the advantage that
we can now trivially implement all the complications involved in fermion masses, from the
generation of a large top mass to the generation of light fermion masses and their implication
10
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FIG. 2: Left handed profiles of the zero mode and first three massive KK modes of a bulk fermion
with [++] boundary conditions, c0 = 0.4 and c1 = 1. Heavier KK modes propagate deeper in the
IR.
in flavor constraints of the model without having to resort to common bulk Dirac masses.
C. Fermion couplings
The KK expansion we have performed in the previous section allows us to compute
the couplings we will need to investigate the EW and flavor implications of bulk fermions
in the soft wall. One of the most relevant couplings is the Yukawa coupling between two
fermions and a scalar. In the approximation we are considering, these couplings give the main
contribution to SM fermion masses and mixings and also fix the mixings among fermion KK
modes. These mixings in turn determine the fermion effects on EW precision observables and
on flavor violating processes. Let us consider two bulk fermions Q(x, z) and T (x, z) coupled
to a bulk scalar φ(x, z). We assume the scalar acquires a z dependent vev 〈φ〉 = fφ(z)v,
with v a constant with dimension of mass and fφ(z) normalized as
1 =
∫ ∞
L0
dz a3e−Φf 2φ(z). (26)
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When we identify the scalar with the Higgs responsible for EWSB, this normalization ensures
that v = 174 GeV, up to corrections of order v2L21. The part of the action involving the
coupling between these three fields reads
SYuk =
∫
d5x
√
ge−Φ
[
λ5Q¯φT + h.c.
]
=
∫
d5x a
[
λ5q¯φt+ h.c.
]
=
∫
d5x a
[
λ5vfφq¯t+ h.c.
]
=
∫
d4x v
∑
mn
{
λ5
[∫
dzafφf
qL
m f
tR
n
]
q¯
(m)
L t
(n)
R + (L↔ R) + h.c.
}
=
∫
d4x v
∑
mn
{
λqtmnq¯
(m)
L t
(n)
R + λ
tq
mnt¯
(m)
L q
(n)
R + h.c.
}
, (27)
where λ5 is a five-dimensional Yukawa coupling with mass dimensions [λ5] = −1/2, naturally
expected to be of order λ5 ∼
√
L0. In the last equality we have defined the effective (dimen-
sionless) four-dimensional Yukawa couplings between the different fermion KKmodes. These
are given by the five-dimensional Yukawa coupling times the overlap of the corresponding
fermion KK modes with the scalar profile. Following the procedure in the KK expansion of
fermions, we have defined q(x, z) ≡ a2e−Φ/2Q(x, z) and t(x, z) ≡ a2e−Φ/2T (x, z). Assuming
a power-law scalar profile (see Appendix B)
fφ(z) =
L1
L
3
2
0
[
2
Γ(α− 1, L20/L21)
] 1
2
(
z
L1
)α
, (28)
and identical localization for the LH and RH fermion zero modes (cL0,1 = −cR0,1), we show
the effective zero mode Yukawa coupling for different values of the Higgs profile in Fig. 3.
The result is sensitive to the Higgs profile for α . 1.5 but becomes essentially insensitive
and very similar at the qualitative and quantitative level to the result in the hard wall for
α & 1.5.
The another very important coupling for the phenomenological implications of bulk
fermions is the coupling of fermion and gauge boson KK modes. It comes from the gauge
covariant derivative in the kinetic term of fermions and can be written as
SAψψ =
∫
d5x g5ψ¯ Aψ =
∫
d4x
∑
mnr
g5
[∫
dzfLmf
L
n f
A
r
]
ψ¯
(m)
L  Arψ
(n)
L + (L→ R)
=
∫
d4x
∑
mnr
gmLnLr4 ψ¯
(m)
L  Arψ
(n)
L + (L→ R), (29)
where g5 is the five-dimensional coupling constant, with mass dimension [g5] = −1/2 and
in the last equality we have defined the effective four-dimensional coupling between the
12
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FIG. 3: Effective four-dimensional Yukawa coupling for fermion zero modes with λ5 =
√
L0 and
cL1 = −cR1 = 1 as a function of cL0 = −cR0 ≡ c0 for different Higgs profiles. The different curves
correspond, from bottom to top on the left hand side, to α = 1, 1.33, 1.66, 2. For α & 1.5 the
zero mode spectrum is almost insensitive to the exact value of the Higgs profile.
fermionic modes ψ
(m)
L , ψ
(n)
L and the r-th gauge boson KK mode. Of particular relevance is
the coupling of fermion zero modes to gauge boson KK modes,
gn(c0, c1) ≡ g0L0Ln4 = g5
∫
dz (fL0 )
2fAn , (30)
which we show, in units of g0 for the first three gauge boson KK modes, as a function of
c0 in Fig. 4 for c1 = 1. The KK expansion of gauge bosons in our soft wall background is
discussed in Appendix B. It is related to the fermionic expansion with the identification
fLn (c0 = 1/2, c1 = 1, z) =
√
ae−Φ/2fAn . (31)
In particular we have
gn(c0 = 1/2, c1 = 1) = g5f
A
0
∫
dz ae−ΦfA0 f
A
n = g0δn0, (32)
where we have used the fact the fA0 is z independent, g5f
A
0 = g0 and orthonormality of the
gauge boson KK modes, see Eq. (B9). Thus, for c0 = 1/2 and c1 = 1 the couplings to all
the gauge boson KK modes vanish. Similarly, for c0 & 1/2, the fermion zero modes are
effectively localized towards the UV brane and their coupling to the gauge boson KK modes
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becomes independent of the exact localization (the value of c0,1). For instance, the coupling
to the first gauge boson KK mode becomes
g1(c0 >
1
2
+ ǫ) ≈ − g0√
2 log L1
L0
≈ −0.12g0, (for L0/L1 ∼ 10−15). (33)
This universality of couplings for fermions localized towards the UV brane is the basis
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FIG. 4: Coupling of a LH fermion zero mode to the first three gauge boson KK modes in units of
the coupling to the gauge boson zero mode, as a function of c0 for fixed c1 = 1.
of the success of flavor physics in models with warped extra dimensions with a hard wall.
The so called RS GIM mechanism in hard wall models stands for the fact that FCNC
processes involving light quarks are suppressed by either light quark masses or by small
CKM mixing angles. The origin of such suppression comes from the fact that the deviation
from universality of the couplings to the gauge boson KK modes scale like the Yukawa
couplings
gL,Rn
g0
≈ const. + f 2cL,Rγ(cL,R), (34)
where cL,R is the localization parameter of the corresponding LH or RH fermion zero mode,
γ(c) is a slowly varying function of c, expected to be of order
√
logL1/L0 ≈ 5 − 6 in the
hard wall and fcL,R determine the effective Yukawa couplings as
λ00 ∼ fcLfcR. (35)
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soft as defined in Eq. (36). This quantity measures the scaling of the non-universality
of couplings of light fermions to gauge boson KK modes with the masses of the light fermions. We
have fixed cq1 = −ct1 = c1, cq0 = ct0 = c0, λ5 =
√
L0 and shown different lines for different Higgs
profiles.
To test how close to this property we are in our soft wall models, we computed the following
quantity
γ(c0)
soft ≡ [gn(c0, c1)− gn(c0 →∞, c1)]/g0
λqt00(c
q
0 = −ct0 = c0, cq1 = −ct1 = c1)
, (36)
which is the equivalent of γ(c) in the hard wall for identical localization of left and right
components. The result for the coupling to the first gauge boson KK mode, for c1 = 1 and
λ5 =
√
L0 is displayed in Fig. 5, for different values of the Higgs profile. It is obvious that
for α & 1.5, for which we can obtain hierarchical fermion masses through wave function
localization, similar scaling with the masses as the one that leads to a RS GIM protection
occurs in the soft wall. Thus, one would expect that models with a soft wall behave in a
very similar way as hard wall models do regarding flavor physics [20, 21].
D. Validity of the approximation
The validity of the approximation we are employing in this work, namely a perturbative
treatment of EWSB, has been recently subject to debate in hard wall models (see for in-
stance [21, 22]). In such models, it is clear that, if one was able to include the full tower of
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KK modes and diagonalized the infinite resulting mass matrix, the results should be equiva-
lent to including EWSB effects exactly through the equations of motion. The rapid increase
in KK masses also guarantees that in general, except in certain cases in which the induced
off-diagonal masses are very large, the first few modes give a good enough approximation for
the required level of precision. A perturbative treatment of EWSB is not useful only for soft
wall models. In fact, even in hard wall models, there is only a few special cases, notably a
brane localized Higgs and models of gauge-Higgs unification, in which EWSB effects can be
included analytically. The validity of a perturbative treatment of EWSB is not so obvious
in soft wall models, since the extra dimension extends to infinity and Higgs effects in the
deep IR could modify the equations of motion in a way that cannot be reproduced with a
finite number of modes computed in the absence of EWSB and a perturbative inclusion of
the latter. This is in fact what happens in the case that the fermion Dirac mass is constant
in the extra dimension so that the KK expansion in the absence of EWSB lacks a zero mode
that should make up for most of the lightest mode in the full solution. With our assumption
of fermion Dirac masses, however, the KK expansion in the absence of EWSB is well defined
and all fields, including the zero modes are shielded from the deep IR. We can therefore ex-
pect, in general, EWSB effects to be a small perturbation and a finite number of KK modes
to give a good enough approximation. Nevertheless, it is important to check the validity of
the approximation at the quantitative level, especially in the case of the top quark, which
is expected to suffer the strongest deviations. Even more so in soft wall models due to the
fact we mentioned above that heavier KK modes propagate deeper in the IR and therefore
get larger mass mixings.
We have checked the validity of the approximation both analytically and numerically.
First, we have considered the case that can be solved analytically of common constant
bulk Dirac masses and a quadratic Higgs profile. Let us consider again two bulk fermions
Q(x, z) and T (x, z) but let us include the effect of the Yukawa coupling, Eq. (27) in the KK
expansion. The equations of motion derived from the corresponding action read
i✓∂

qR,L
tR,L

∓ ∂5

qL,R
tL,R

− a

Mq(z) m(z)
m(z) Mt(z)



qL,R
tL,R

 = 0, (37)
where Mq,t are our constant plus z dependent mass for the bulk fermions (with parameters
cq,t0,1) and m(z) ≡ λ5vfφ(z). Assuming a quadratic profile for the scalar and cq0 = ct0 ≡ c0, the
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mass matrix reads
a

Mq(z) m(z)
m(z) Mt(z)

 = c0
z

1 0
0 1

+ z
L21

 cq1 cm
cm c
t
1

 . (38)
Let us now define the 2× 2 unitary matrix that diagonalizes the second term
U †

 cq1 cm
cm c
t
1

U =

c+1 0
0 c−1

 . (39)
Then the equations of motion for the rotated fields
ψ+
ψ−

 ≡ U †

q
t

 , (40)
are decoupled
i✓∂ψiL,R ± ∂5ψiR,L −
(
c0
z
+
ci1z
L21
)
ψiR,L = 0, i = +,−, (41)
which can be solved analytically. One has to be careful that the boundary conditions mix
both fields and therefore the physical modes live in the expansion of both of them
ψiL,R =
∑
n
f i L,Rn ψ
(n)
L,R, (42)
where ψ(n) is independent of i. The orthonormality condition is then∫ ∞
L0
dz
[
f+Ln f
+L
m + f
−L
n f
−L
m
]
=
∫ ∞
L0
dz
[
f+Rn f
+R
m + f
−R
n f
−R
m
]
= δnm. (43)
We have compared the exact fermion masses and the couplings to gauge bosons with the
ones we obtain using our perturbative treatment of EWSB. We have compared them for
different values of c0 and c
q,t
1 , with λ5 (equivalently cm) fixed to reproduce the top mass for
the lightest mode. The result of such comparison is that both the masses and the couplings
agree to better than per mille level for values of λ5 below the strong coupling limit, with
the inclusion of just a few KK modes. Only when λ5 is so large that the theory becomes
non-perturbative close to the scale of the mass of the first KK mode the departure gets close
to ∼ 10%.
We have been able to test the accuracy of our approximation in the case of common
constant bulk Dirac masses. However, this is not the most general situation we will deal with
in the study of the phenomenological implications of bulk fermions. We have also checked
the case of different Dirac masses by numerically solving the set of coupled differential
equations. Again the result for both masses and couplings is in excellent agreement with
our approximation for perturbative values of λ5.
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III. ELECTROWEAK CONSTRAINTS ON SOFT WALL MODELS
As an application of our formalism, we investigate in this section the EW constraints
on soft wall models. We consider a minimal realistic set-up with a custodially symmetric
SU(2)L × SU(2)R × U(1)X bulk gauge symmetry broken to the SM gauge group SU(2)L ×
U(1)Y on the UV brane.
The bosonic action is given by
Sb =
∫
d5x
√
g e−Φ
[
− 1
4
LaMN L
aMN − 1
4
RaMN R
aMN − 1
4
XMNX
MN
+ Tr [(DMH)
†DMH ]− V (H)
]
−
∫
d4x
√−gUV e−Φ VUV (H) , (44)
where a = 1, 2, 3, LaM , R
a
M and XM are the SU(2)L, SU(2)R and U(1)X gauge fields,
respectively, and H is the bulk Higgs boson that transform as an SU(2)L×SU(2)R bidoublet
H(x, z) =
1√
2

 φ∗0(x, z) φ+(x, z)
−φ−(x, z) φ0(x, z)

 . (45)
V (H) and VUV (H) are the bulk and UV brane Higgs potentials. Choosing appropriately
these potentials we can obtain a power-like profile for the Higgs vev (see Appendix B)
〈H〉 = fφ(z)√
2

v 0
0 v

 , (46)
where fφ(z) has been defined in Eq. (28) and, as we show below, v = 174 GeV up to
corrections of order v2L21. The UV boundary conditions satisfied by the gauge fields are
∂5L
a
µ
∣∣
L0
= ∂5Bµ
∣∣
L0
= R1,2µ
∣∣
L0
= Z ′µ
∣∣
L0
= 0 , (47)
where we have defined
Bµ =
gXR
3
µ + g5Xµ√
g25 + g
2
X
, Z ′µ =
g5R
3
µ − gXXµ√
g25 + g
2
X
, (48)
with Bµ the hypercharge gauge boson, g5 the gauge coupling of SU(2)L and SU(2)R which
are taken equal to maintain the the L↔ R symmetry that protects the Zbb¯ coupling [7] and
gX the U(1)X gauge coupling. The gauge couplings associated to Bµ and Z
′
µ are, respectively
g′5 =
g5gX√
g25 + g
2
X
, gZ′ =
√
g25 + g
2
X , (49)
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whereas the associated charges are
Y = T 3R +QX , QZ′ =
g25T
3
R − g2XQX
g25 + g
2
X
. (50)
A. Bosonic contribution to electroweak precision observables
In this section we review the bosonic contribution to EW precision observables in soft wall
models [10, 11]. If the light SM fermions are localized towards the UV brane, models with
warped extra dimension, including soft wall models, fall in the class of universal new physics
models [23]. In that case, all relevant constraints can be obtained in terms of four oblique
parameters, which are computed from the quadratic terms in the effective Lagrangian of the
interpolating fields that couple universally to the SM fermions. The holographic method [24]
gives the most straight-forward calculation of the oblique parameters as it gives directly
the effective Lagrangian for the interpolating fields. In the spirit of the approximations
we have used with fermions, we will include EWSB effects perturbatively, which allows
us to consider arbitrary Higgs profiles. The leading order in the expansion in the EWSB
scale v does not give the correction to the T parameter (which requires v4 terms) but we
nevertheless know that the tree level contribution to the T parameter vanishes due to the
custodial symmetry.4 The leading correction to all other three oblique parameters can be
safely computed perturbatively.
The procedure can be performed as follows. First we set to zero the fields that are not
sourced on the UV brane, leaving only the SM gauge bosons. The relevant part of the action
reads
S =
∫
d5x
√
ge−Φ
{
− 1
4g25
LaMNL
aMN − 1
4g′ 25
BMNB
MN +
v2f 2φ
4
[
(LbM )
2 + (L3M − BM)2
]}
,
(51)
where in this section, we are using non-canonically normalized fields. The term in square
brackets is the mass term due to EWSB, that we will treat as a perturbation. 5 Going to
4D momentum space, and considering the µ components of the gauge fields, we define
Laµ(p, z) = f(p, z)L¯
a
µ(p), Bµ(p, z) = f(p, z)B¯µ(p), (52)
4 This can be checked for particular Higgs profile [11].
5 If we were to include the EWSB effects exactly, it would be advantageous to go the the vector and axial
basis, V,A = (L±R)/√2, but this is not necessary if EWSB is treated as a perturbation.
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with f(p, z) fixed by the bulk equations of motion, which are identical for La and B. With
the boundary condition f(p, L0) = 1,
f(p, z) = U
(
−p
2L21
4
, 0,
z2
L21
)/
U
(
−p
2L21
4
, 0,
L20
L21
)
. (53)
Integrating out the bulk we obtain an effective action for the 4D interpolating fields
Shol. = −1
2
∫
d4p
(2π)4
ηµν
{
L¯bµΠ+−(p
2)L¯bν + L¯
3
µΠ33(p
2)L¯3ν + B¯µΠBB(p
2)B¯ν + 2L¯
3
µΠ3BB¯ν
}
+ . . .
(54)
where the different form factors read
Π+−(p2) = Π33(p2) =
1
g25
Π0(p
2)− Πφ(p2), (55)
ΠBB(p
2) =
1
g′ 25
Π0(p
2)−Πφ(p2), (56)
Π3B(p
2) = Πφ(p
2) , (57)
with the EW symmetry preserving term
Π0(p
2) ≡ e−Φ∂5f(p, z)
∣∣∣
z=L0
≈ p2L0
(
log
L1
L0
− γE
2
)
+
p4
2
L0
π2L21
24
+ . . . , (58)
where γE ≈ 0.577 is the Euler-Mascheroni constant. In the second expression we have
expanded in powers of p2 and assumed L0/L1 ≪ 1. The EWSB term is
Πφ(p
2) =
v2
2
∫
dz a3e−Φf 2φf
2(p, z) =
v2
2
+O(p2). (59)
The gauge couplings and the EWSB scale are fixed by the following conditions
Π′+−(0) =
1
g2
, Π′BB(0) =
1
g′ 2
, Π+−(0) = −(174 GeV)
2
2
, (60)
where a prime here denotes derivative with respect to p2. They imply, up to corrections
O(v2L21),
g5
g
=
g′5
g′
=
√
L0
(
log
L1
L0
− γE
2
)
, (61)
and
v = 174 GeV. (62)
The oblique parameters are defined in terms of these form factors. Recall that the first
equality in Eq. (55) does not give the leading correction to the T parameter, which appears
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at order v4 in the form factors. The other three relevant oblique parameters are defined by
S = 16πΠ′3B(0) = −16πg2Π′φ(0), (63)
W =
g2m2W
2
Π′′33(0), (64)
Y =
g′ 2m2W
2
Π′′BB(0). (65)
Inserting the corresponding coefficients we obtain, for W and Y ,
W = Y =
g2π2
96
(
log L1
L0
− γE
2
)(vL1)2 + . . . (66)
which is volume (log(L1/L0)−γE/2) suppressed and therefore leads to a very mild constraint
on L1. The S parameter on the other hand can in general only be computed numerically,
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FIG. 6: L−11 as a function of the Higgs localization parameter α such that S = 0.2 using Eq. (63).
except for particular values of the Higgs localization parameter α. In general it is not volume
suppressed so it gives a stronger constraint that W and Y . This is easy to understand in an
alternative derivation in which one integrates out the physical heavy KK modes to obtain
an effective Lagrangian that is not oblique but has corrections to the gauge boson masses,
which are volume enhanced, to vertex fermion-gauge couplings, which are order one, and
to four-fermion interactions, which are volume suppressed. If one then introduces field
redefinitions so that an oblique Lagrangian is obtained, all three types of corrections affect
the T parameter (which would be the leading constraint if it were not for the custodial
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symmetry that makes the total contribution to cancel). Only vertex corrections and four-
fermion interactions enter in the S parameter, which is therefore not expected to have any
volume enhancement or suppression. Finally only the four-fermion interactions enter W and
Y , which explains why they are volume suppressed and therefore less constraining in general.
We have computed the S parameter as a function of the Higgs localization parameter α. In
Fig. 6 we show, as an example, the value of L−11 that will result in a value S = 0.2 as a
function of α. We have checked that our numerical result agrees exactly with the analytic
results given in [11] for the cases α = 1 and α = 2 to leading order in v2L21. For α = 1, the
Higgs profile times the metric is flat in the extra dimension and no vertex corrections are
generated. Thus, the S parameter only receives the volume suppressed contribution from
four-fermion interactions, which results in a very mild constraint.
B. Fermionic contributions to electroweak observables
Our calculation in the previous section showed that the bosonic sector is less constrained
by EW precision tests in soft wall models than in hard wall models. The large top mass
however makes it reasonable that fermionic contributions to EW precision observables, most
notably the T parameter and the Zbb¯ coupling, which have been neglected so far can be
relevant. In fact, they are needed for light KK modes to be allowed, as the zero value of the
tree level T parameter is not compatible with a relatively large value of S.
We consider a minimal fermionic content compatible with the custodial and LR symmetry
that protect the T parameter and Zbb¯ coupling, respectively. Ignoring the bottom or lighter
quark masses, the relevant fermionic sector consists of an SU(2)L×SU(2)R bidoublet ψ(2,2) =
(X,Q) and an SU(2)L × SU(2)R singlet T , both with QX = 2/3,
ψ(2,2) =

 Xu[−+] Qu[++]
Xd[−+] Qd[++]


2
3
, T [−−]2/3 , (67)
where the subscript denotes the U(1)X charge and we have written explicitly the boundary
conditions in soft-wall notation so that the second sign corresponds to the sign of the corre-
sponding c1. From the SM point of view X and Q are SU(2)L doublets with hypercharges
7/6 and 1/6 and they have T 3R = 1/2 and −1/2, respectively. The bc are chosen such that Q
has a left handed and T has a right handed zero mode which correspond to the SM top sector
qL and tR. X have no zero modes but have the IR bc fixed by the bulk gauge symmetry.
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The couplings of the fermions to the gauge fields and the Yukawa couplings are given in
Eq. (29) and Eq. (27). The latter are given in terms of the fermion profiles by
SYuk =
∫
d4x v
∑
mn
{[
λqtmnq¯
u (m)
L + λ
xt
mnx¯
d (m)
L
]
t
(n)
R + t¯
(m)
L
[
λtqmnq
u (n)
R + λ
tx
mnx
d (n)
R
]
+ h.c.
}
. (68)
These terms, together with the gauge couplings and KK masses allow us to compute the
physical masses and physical couplings to the EW gauge and would-be Goldstone bosons.
These are the required ingredients to compute the one loop fermionic contribution to the
T parameter and the Zbb¯ coupling. We use the calculation of these two observables pre-
sented in [25], which extended previous calculations [26] to a general enough set-up able to
accommodate our fermionic spectrum.
We have investigated the dependence of the T parameter and Zbb¯ coupling as a function of
our input parameters, cq,t0,1, with λ5 adjusted so that the physical top mass is mt = 172 GeV.
Before discussing the results, we should make two important comments. First, we are using
as an example a very minimal fermionic spectrum, with no particularly light fermion KK
modes. This is enough to prove that models of EWSB with a soft wall are compatible with
EW precision tests for relatively light KK gauge boson modes. However, one could expect
a richer behavior, similar to the one observed in hard wall models, if a more complicated
fermionic spectrum, including twisted bc and bulk mixing terms is considered. Second, we
have mentioned above that heavy KK modes propagate deeper in the IR and therefore they
couple more strongly to the Higgs. This results in a slower decoupling of heavy modes
regarding their contribution to the T parameter (the Zbb¯ coupling is less sensitive to this
effect). In fact, we have observed that the T parameter is quite unstable against the addition
of new fermion KK modes for the first few modes and it stabilizes into a fixed value only
after the inclusion of a relatively large ∼ 10 number of KK levels. Note that, because of the
scaling mn ∼
√
n, the addition of many modes does not mean that we have to go to very
high scales before the T parameter is stable. This effect worsens the more towards the IR
the Higgs is localized (i.e. the larger α is). For values α & 2, the number of modes required
to stabilize the T parameter gets close to the limit of strong coupling and it is difficult to
make precise quantitative predictions. Thus, we will show most of our results for α = 1.5,
although we have checked that these results do not change qualitatively when α gets closer
to 2.
The results we have obtained for the T parameter and the Zbb¯ coupling can be summa-
23
-0.2
-0.1
 0
 0.1
 0.2
 0.3
 0.4
 0.5
-0.5 -0.4 -0.3 -0.2 -0.1  0
T
c
t
0
c
q
0=-0.10
c
q
0=0.10
c
q
0=0.30
c
q
0=0.40
c
q
0=0.45
FIG. 7: T as a function of ct0 for different values of c
q
0 with fixed 1/L1 = 1.2 TeV, c
q
1 = 1.2, c
t
1 = −1
and α = 1.5.
rized as follows.
• The T parameter is negative in a large portion of parameter space, as was already
observed in hard-wall models with the same fermionic quantum numbers [4]. It is
negative, with a very mild dependence on cq,t0 for values c
t
0 & −0.35, whereas it develops
a strong dependence on the two parameters cq,t0 for values of c
t
0 & 0.35 becoming quickly
positive and of order one. This behavior can be clearly seen in Fig. 7 where we plot
the T parameter as a function of ct0 for different values of c
q
0. The behavior shown
extends to positive values of ct0 without any significant change.
• The Zbb¯ coupling is much less sensitive to the different localization parameters, cq,t0,1.
In fact, it is not even very sensitive to the particular value of L1 (provided it is of
∼ TeV−1 size) for a fixed value of the Higgs profile. The reason is that, increasing
L−11 , which makes the KK modes more massive and therefore should decouple them,
also makes the Higgs more IR localized, which increases the required value of λ5 and
the coupling among the heavy KK modes in such a way that both effects almost
cancel each other giving rise to an essentially constant value of the Zbb¯ coupling
δgbL ≈ −(1 − 1.5)× 10−3. This effect is in principle also present in the T parameter
but it is overcome by the larger number of heavy modes that contribute in that case
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and the strong dependence on cq,t0 .
C. Fit to electroweak observables
Our analysis of the contribution to EW precision observables from the fermionic sector
showed two main features for the class of models we have considered: the Zbb¯ coupling
receives a non-negligible, almost constant correction δgbL ≈ −(1 − 1.5) × 10−3, and the
T parameter can get essentially any value for ct0 . −0.35. Using these features we have
performed a three parameter fit to all relevant electroweak precision observables, using an
updated version of the code in [27] (see [25] for details on the fit). The result is summarized
in Fig. 8 in which we show the minimum value of the ∆χ2 obtained in our model as a
function of L−11 for different values of the Higgs profile. The ∆χ
2 is defined as the χ2 for an
arbitrary point of our model with the minimum χ2 optimizing the values of T , S and Zbb¯
coupling subtracted. In the figure we also show the values of ∆χ2 that correspond to 95%
and 99% C.L. limits for a fit to three variables. The corresponding bounds on L−11 read, at
95% C.L.
L−11 (in TeV) . 0.85, 1.2, 1.55 for α = 1.2 , 1.5 2, (69)
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which translate into the following values for the gauge boson KK modes
mGBn ∼


1.7, 2.4, 3, . . . (α = 1.2),
2.4, 3.4, 4.2, . . . (α = 1.5),
3.1, 4.4, 5.4, . . . (α = 2).
(70)
Note that, even for α close to one, the bound is more stringent than one would naively get
from the S parameter alone. The main reason is the almost constant contribution to the Zbb¯
coupling that creates some tension in the fit. Of course, a richer fermionic spectrum than
we have considered in our minimal model could result in a different value of this coupling
and therefore a smaller bound.
IV. DISCUSSION
Models with warped extra dimensions and a soft IR wall represent a more general ap-
proach to EWSB than hard wall models. The spectrum of KK excitations is sensitive to the
details of the soft wall and an analysis of the bosonic sector, assuming the SM fermions to
be localized at the UV brane, shows that current EW constraints are compatible with very
light ∼ TeV new resonances. UV localized fermions are a good approximation regarding
the implications on EW observables of the light fermions. However, flavor constraints and
top dependent contributions to EW observables cannot be studied in that approximation.
We have developed the tools to analyze bulk fermions in soft wall models with great gener-
ality. By assuming a position dependent Dirac mass for the bulk fermions, which could be
generated by a direct coupling to the soft wall, we can perform the KK expansion of bulk
fermions in a very general set-up. Our construction reproduces well the most relevant fea-
tures of bulk fermions present in hard wall models, like the effect of non-trivial IR boundary
conditions, the presence of ultra-light modes for twisted boundary conditions, flavor uni-
versality of couplings of UV localized fermions to KK gauge bosons or hierarchical Yukawa
couplings through wave function localization. Using these techniques we have studied the
flavor structure of realistic models with the result that a similar flavor protection as the one
observed in hard wall models can be expected. Similarly, we have computed the contribution
of the top sector to EW precision observables and shown that simple realistic models with
custodial symmetry and KK excitations as light as
m1 & 1.7 TeV, (71)
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can be compatible with all EW precision tests. Furthermore, the particular realization of
the soft wall we have considered predicts a linear scaling of the mass squared of the KK
excitations. As an example, for certain Higgs profile (α = 1.5) we can have, at the 95%
C.L., the following spectrum of new gauge boson KK masses
mn ≈ 2
√
n× 1.2 TeV ≈ (2.4, 3.2, 4.2) TeV. (72)
Detailed analyses in hard wall models showed that masses mGKK . 4 − 5 TeV in the case
of KK gluons [28] and mEWKK . 2 TeV in the case of KK excitations of the EW bosons [29]
could be reached at the LHC with ∼ 100− 300 fb−1. It would therefore seem that the first
and maybe even the second mode of KK gluons could be observable at the LHC although a
detailed analysis, taking into account the details of the spectrum in our model, is required
to fully assess the LHC reach.
Regarding the fermionic sector, we have chosen a very minimal set-up, with just the
minimal number of five-dimensional fields to reproduce the observed spectrum. In that
case no particularly light KK fermions are present in the spectrum. Due to the boundary
conditions, the KK excitations of X , which from the SM point of view is an SU(2)L doublet
of hypercharge 7/6 are among the lightest new fermions with a mass mX1 ∼ 2−2.5 TeV. This
multiplet includes a charge 5/3 quark that was shown to be easily reachable in an early LHC
run through pair production provided it is light enough [30]. The analysis in that reference
only considered 0.5 and 1 TeV masses. Most likely, masses as heavy as the ones we obtain
are not reachable at the LHC through pair production. Single production is a more likely
possibility but again a detailed analysis would be required to understand the real reach.
This simple fermionic spectrum was chosen for simplicity. It is not a constraint coming from
the soft wall. Richer structures are easy to implement. For instance, one could simulate the
spectrum used in hard wall realistic models of gauge-Higgs unification [4, 31] by introducing
further bulk fermions with twisted boundary conditions and a position dependent mass term
mixing them. In that case we can only solve analytically for a common z-independent mass,
which is still tolerable for the top quark. This richer fermionic spectrum would lead to lighter
quarks associated to the top and could make new regions in parameter space compatible with
EW precision data through their contribution to EW precision observables. Bulk fermions
can be also implemented in actual composite Higgs models in the soft wall [10] using the
techniques developed in this work.
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Our results show that soft wall models have the potential to become realistic models
of EWSB readily accessible at the LHC. We have gone a step forward towards this goal
by including with great generality bulk fermions in these models. However, several further
steps need to be taken before we can consider these models a full satisfactory solution to
the hierarchy problem. One of the most pressing open questions is that of the stability
of the soft wall and the corresponding L1/L0 ∼ TeV/MPl hierarchy. Also, given the new
bounds and the different patterns of masses and mixings that can be obtained in soft wall
models, a new analysis of the LHC reach would be welcome. Finally, soft wall models
open the possibility to study a priori completely different physics, like unparticles, and their
relation to EWSB. It has been recently shown that the Higgs itself could be part of the
conformal sector (Unhiggs). It can be modeled by a continuum of resonances in a 5D soft
wall model [15, 32], being (partly) responsible for EWSB and longitudinal gauge boson
scattering and even being able to reproduce the quantum contributions of a standard Higgs
to the oblique parameters despite having modified (suppressed) couplings to the SM fields.
It would be very interesting to use the formalism we have developed here to analyze the
effect of the top quark propagating in such background.
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APPENDIX A: BACKGROUND SOLUTION
The soft wall model that we have considered in this article can be obtained dynamically
from a five dimensional gravitational model [11, 33]. We collect the relevant results in this
appendix. More details can be found in the original references. The action describes gravity
coupled to two scalars, the dilaton Φ and the tachyon T ,
S =
∫
d5x
√
g
[
M3R− 1
2
gMN∂MΦ∂NΦ− 1
2
gMN∂MT∂NT − V (Φ, T )
]
−
∫
d4x
√−gUV λUV (Φ, T ) , (A1)
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where M is the 5D Planck mass and V (Φ, T ) and λUV (Φ, T ) are the scalar bulk and UV
boundary potentials for the dilaton and the tachyon and are given by
V (Φ, T ) = 18
[(
∂W
∂Φ
)
+
(
∂W
∂T
)]
− 12
M3
W 2 ,
λUV (Φ, T ) = 6
[
W (Φ0, T0) + ∂ΦW (Φ0, T0)(Φ− Φ0) + ∂TW (Φ0, T0)(T − T0) + . . .
]
,(A2)
where W is
W (Φ, T ) =
M3
L0
[
(ν − 1)eT 2/(24(1+1/ν)M3) − ν
(
1− Φ√
6M3/2
)
eΦ/(
√
6M3/2)
]
. (A3)
Solutions for the equations of motions for the dilaton and the tachyon using the above
potentials can be found as
Φ(z) =
√
8
3
M3/2
(
z
L1
)ν
,
T (z) = ±4
√
1 + 1/νM3/2
(
z
L1
)ν/2
, (A4)
where the background metric is chosen to be
gMN = a
2(z) e−4/3(z/L1)
ν
ηMN . (A5)
Note that one can recover the metric in Eq. (1) and the action in Eq. (2) by the redefinitions
Φ →
√
3
8
M−3/2Φ
gMN → e4/3(z/L1)νgMN . (A6)
Throughout this paper, we considered the case with ν = 2 only.
APPENDIX B: BULK BOSONIC FIELDS IN THE SOFT WALL
In this Appendix we review the Kaluza-Klein expansion of bulk bosonic fields in the soft
wall. Further details can be found in [11].
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1. Bulk Higgs
Let us assume the following form for the bulk and the UV boundary Higgs potentials
V (H) and VUV (H) in Eq. (44)
V (H) = m2H(z) Tr |H|2 ,
VUV (H) = λ0 L
2
0
(
Tr |H|2 − v20
)2
, (B1)
where the effective mass for the bulk Higgs is defined to have the form
mH(z)
2 =
1
L20
[
α(α− 4)− 2α z
2
L21
]
. (B2)
The above mass term is assumed to arise from a coupling to another scalar which gets a
background vev. The UV boundary potential is added to the action in Eq. (44) so that
the solutions of the equations of motion for the Higgs field satisfy non-trivially the UV
boundary conditions. Solving for the equation of motion for the bulk Higgs using V (H) and
demanding that the solution is finite in the soft wall background, one finds
fh(z) = ch z
α , (B3)
where ch is a normalization constant and we have defined the Higgs vev as
〈H〉 = fh(z)√
2

v 0
0 v

 , (B4)
with v a constant with mass dimension 1. The UV boundary condition satisfied by the above
solution is given in Ref. [11]. Properly normalizing the bulk Higgs field and solving for the
mass of the W boson in terms of the overlaps of the bulk Higgs profile with the gauge field
zero modes for the W we find that
ch =
√
2L21
L30
1√
Γ(α− 1, L20/L21)
(B5)
with Γ the incomplete Gamma function, and v = 174 GeV, up to corrections O(v2L21). It
was shown in [11] that this solution is indeed the ground state of the theory.
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2. Gauge bosons
The expansion of gauge bosons in our background was also considered in [11] and we
collect here the main results. The action for a bulk U(1) gauge field reads
S = −1
4
∫
d5x
√
ge−ΦAMNAMN . (B6)
We perform the standard KK decomposition
Aµ(x, z) =
∑
n
fAn (z)A
(n)
µ (x), (B7)
where the four dimensional fields A
(n)
µ (x) satisfy the four dimensional equations of motion
for a gauge massive gauge boson with mass mn. The profile functions f
A
n (z) satisfy then the
following equation [
∂25 +
(
a′
a
− Φ′
)
∂5 +m
2
n
]
fAn = 0, (B8)
and normalization condition ∫ ∞
L0
dz ae−ΦfAmf
A
n = δmn. (B9)
Applying the change of variable
x =
z2
L21
, (B10)
and inserting the explicit form of the metric and the dilaton field, the equation for the
bosonic profile reads [
x∂2x − x∂x +
L21m
2
n
4
]
fnA(z) = 0 , (B11)
which is the same equation g(z) of Eq. (16) satisfied with the special values of fermionic
parameters c0 = 1/2 and c1 = 1. The normalizable solution is given in terms of confluent
hypergeometric function
fAn (z) = N
A
n U
(−m2n L21
4
, 0,
z2
L21
)
, (B12)
where the normalization constants NAn are determined from Eq. (B9). The masses for
the massive gauge bosons are found by applying the corresponding boundary conditions.
Applying Neumann boundary conditions for the UV brane one finds that the masses for the
heavy modes are given approximately by
m2n ∼
4
L21
n2 . (B13)
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U(0, 0, z2) = 1 so the profile for a massless gauge boson zero mode is given entirely by its
normalization constant,
f 0A(z) =
√
2
L0E1(L20/L
2
1)
, (B14)
where Eν(z) =
∫∞
1
dt e−zt/tν is the Exponential Integral E function.
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